Previous results have shown that infection of KB cells with type 5 adenovirus elicits the inhibition of host protein synthesis. In an attempt to determine whether inhibition is caused by a block in the transcription of host deoxyribonucleic acid (DNA), the rate of synthesis of host DNA-like ribonucleic acid (D-RNA) was compared with the rate of host protein synthesis at various times after infection. The rate of host D-RNA synthesis was determined by measuring the rate of incorporation of 3H-uridine into species of ribonucleic acid which could hybridize specifically with KB cell DNA. The rate of host protein synthesis was determined by measuring the rate of incorporation of '4C-valine into species of protein which could not be precipitated by antiserum directed against viral antigens. The results obtained suggest that the primary event producing inhibition of host protein synthesis is not the inhibition of transcription of host DNA. Synthesis of viral D-RNA in type 5 adenovirus-infected KB cells was next examined. Synthesis was first detected 8 to 10 hr after infection, and it could not be detected if viral DNA synthesis was blocked. At those times when inhibition of host protein synthesis was evident, the rate of synthesis of viral D-RNA appeared to exceed that of KB cell D-RNA.
Infection of KB cells by type 5 adenovirus initiates events which can be classified into two categories: (i) those which are directly involved with virus production, and (ii) those which are concerned with inhibition of normal cellular processes (8) . The first category includes the synthesis of viral messenger ribonucleic acid (mRNA), deoxyribonucleic acid (DNA), and protein and the phenomenon of maturation which constitutes the final step in the production of infectious virus. The second category includes those events which lead to the inhibition of host DNA (8) and protein synthesis (3) . Although the synthesis of viral macromolecules in infected cells is accounted for by the introduction of viral genes into the host, the synthesis of viral material, under conditions in which production of host macromolecules is blocked, represents (3) . At 12 to 14 hr after infection, the synthesis of three viral antigens, designated hexon, penton, and fiber (9), begins; thereafter they constitute the bulk of the protein made (3) . The net effect of the two processes in the infected cell is the continued production of total protein at the preinfection rate (3 5 adenovirus as well as the method used for titrating viral infectivity have been described previously (3) .
Preparation of antiserum. Precipitating antiserum to type 5 adenovirus antigens was prepared as previously reported (3) .
RNA extraction. RNA was extracted from KB cells by the method of Scherrer and Darnell (25) as modified by Homma and Graham (12) . After extraction, the RNA was passed through a Sephadex G-25 column equilibrated with 0.01 M sodium acetate (pH 5.0) to remove unincorporated 3H-uridine. The pH of the RNA solution was adjusted to about neutrality with 1 N NaOH, and then enough 1 M tris(hydroxymethyl)-aminomethane (Tris; pH 7.4) was added to give a final concentration of 0.01 M. The RNA solution was maintained at -20 C until used.
Extraction of DNA from KB cells. DNA was extracted from KB cells by the method of Marmur (18) , modified to include two extractions with water-saturated phenol before the last chloroform-isoamyl alcohol treatment.
Extraction of DNA from type 5 adenovirus. Adenovirus DNA was extracted from preparations of pure adenovirus prepared as described previously (15) . The adenovirus preparations (each purified from 8 liters of KB cells infected with adenovirus for 40 hr) were diluted to 5.6 ml with a solution of 0.15 M NaCl, 0.015 M sodium citrate, and 0.01 M sodium phosphate, pH 7.2. After the addition of 0.55 ml of 10%7 sodium dodecyl sulfate, the virus preparation was incubated for 30 min at 37 C. This procedure was followed by the addition of 0.66 ml of 2.5 M 2-mercaptoethanol. After the solution was shaken for 30 min at room temperature, 0.77 ml of Pronase (5 mg/ml) was added, and the solution was incubated 60 min at 37 C. Watersaturated phenol (22 ml) was added, and the mixture was shaken for 5 min at room temperature. After centrifuging the mixture (30 min at 1,000 X g), the top layer, containing the DNA, was removed and treated with phenol a second time. Dissolved phenol was removed from the DNA preparation by ether extraction.
Other (11) . The hybridization mixture consisted of 0.5 M NaCl, 0.01 M Tris buffer (pH 7.4), 3H-RNA, and the appropriate DNA. An 0.5-ml sample was removed from the mixture immediately after the addition of DNA (added last), diluted into 25 ml of 0.5 M NaCl and 0.01 M Tris buffer (pH 7.4), and treated with 2 ,ug of ribonuclease per ml for 1 hr at 37 C. After ribonuclease treatment, the sample was filtered through a nitrocellulose filter as described by Nygaard and Hall (20) . The filter was dried for 30 min at 100 C and counted in a liquid scintillation spectrometer. The remainder of the mixture was incubated for 72 hr at 60 C after which a second 0.5 ml sample was removed, treated with ribonuclease, and assayed as described above. The amount of radioactivity adsorbing to the filter at zero-time was considered nonspecific and was subtracted from the 72-hr value. The zero-time value generally did not exceed 10%o of the 72-hr value. The amount of 3H-RNA adsorbed to the filter, expressed as the per cent of total 3H-RNA in the 0. Determination of the rate of D-RNA synthesis during infection. To determine the rate of D-RNA synthesis during infection, 100-ml samples were removed from an infected culture at various times. The samples were transferred to 250-ml spinner flasks and incubated with 300,c of 3H-uridine (0.6 ,c/,ug) for 1 hr. At the end of the 1-hr pulse period, the samples were divided into 10-ml and 90-ml fractions and chilled in an ice-water bath. Each fraction was centrifuged for 10 min at 160 X g, and the cell pellets obtained were resuspended in 5 and 50 ml, respectively, of cold 0.15 M NaCl and 0.01 M sodium phosphate (PBS) pH 7.2, recentrifuged, and frozen at -20 C. The cell pellet from the 10-ml fraction was used to determine the total amount of 3H-uridine incorporated during the 1-hr pulse, and the cell pellet from the 90-ml fraction was used to determine the D-RNA fraction.
To determine the total amount of 3H-uridine incorporated, the cell pellet from the 10-ml fraction was washed four times with 3 ml of cold 5% trichloroacetic acid, resuspended in 2 ml of 5%o trichloroacetic acid, and heated 45 min at 90 C. The sample was then centrifuged 15 min at 3,000 X g, and 0.1 ml of the supernatant solution was counted in a liquid scintillation spectrometer.
The D-RNA fraction was determined as described above. The amount of 3H-uridine incorporated into D-RNA during the 1-hr pulse was obtained by multiplying the D-RNA fraction by the total amount of 3H-uridine incorporated.
Determination of rate of total protein synthesis. To determine the rate of synthesis of total protein after infection, 50-ml samples were removed from an infected spinner at various times. The samples were transferred to 100-ml spinner flasks and incubated for 2 hr with 15 uc of 14C-valine. At the end of the pulse period, the samples were chilled in an ice-water bath and then centrifuged 10 min at 160 X g. The cell pellets obtained were washed with 10 ml of cold PBS and stored at -20 C until used. The pellets when used were resuspended in 5 ml of cold PBS and sonically treated for 2 min in an MSE ultrasonic disintegrator (60-w model). A 1.0-ml sample of the suspension of disrupted cells was used to determine the total amount of radioactivity incorporated into protein. Protein in the 1.0-ml sample was precipitated by the addition of 2.0 ml of cold 10% trichloroacetic acid. After 30 min at 0 C, the precipitated protein was sedimented by centrifugation for 10 min at 3,000 X g. The precipitate was washed twice with 3 ml of cold 5% trichloroacetic acid, resuspended in 2 ml of 5% trichloroacetic acid, and heated 45 min at 90 C. After centrifugation for 15 min at 3,000 X g, the precipitate was dissolved in 2 ml of 0.1 N NaOH. The radioactivity in an 0.2 ml portion of the solution was determined in an automatic gas flow counter (Nuclear Chicago Corp., Des Plaines, Ill.).
Determination of rate of host protein synthesis. To determine the rate of host protein synthesis during infection, 2-ml samples of the suspension of disrupted infected cells described above were used. The samples were dialyzed overnight at 4 C against 2 changes, 500 ml each, of cold PBS. The dialyzed preparations were centrifuged 15 min at 3,000 X g. The supernatant fluids, which contained 90% of the radioactivity, were used to determine the fraction of radioactivity incorporated into nonviral proteins. This was accomplished by selectively precipitating out the viral proteins with antiserum from rabbits immunized with viral antigens as previously described (3) . The fraction of radioactivity not precipitated by the antiserum represents a maximal estimate of the fraction of 14C-valine incorporated into host proteins. This fraction was multiplied by the number of counts incorporated into total protein to obtain the number of counts incorporated into host protein.
RESULTS
Ribonuclease sensitivity of RNA retained by nitrocellulose filters. Incubation of DNA with RNA from a homologous source under favorable conditions results in the formation of DNA-RNA hybrids (11) . RNA present in such hybrids can be detected and quantitated by the method of Nygaard and Hall (20) . Their method of measuring hybridized RNA is based on the fact that free RNA passes through nitrocellulose filters, whereas DNA-RNA hybrids are adsorbed. Incubation of either 3H-RNA from KB cells with KB cell DNA at 60 C or 3H-RNA from adenovirusinfected KB cells with adenovirus DNA resulted in the conversion of a fraction of the RNA to a form which was retained by nitrocellulose filters. To test whether this fraction of RNA was hybridized to DNA, its sensitivity to ribonuclease was investigated. RNA which was presumably hybridized with KB cell or adenovirus DNA consisted of two fractions (Fig. 1) . One fraction contained RNA which was extremely sensitive to low concentrations of ribonuclease, whereas the other contained RNA which showed a high degree of resistance to the enzyme. Although to DNA and the other part unhybridized and thus susceptible to ribonuclease, in the experiments to be described only the ribonuclease-resistant fraction was used as a measure of the D-RNA concentration. Accordingly, all samples were incubated with 2 gug of ribonuclease per ml for 1 hr at 37 C before passage through nitrocellulose filters. Although this resulted in lower values for the measured fraction of D-RNA, it provided increased protection against the possibility of measuring RNA which had complexed nonspecifically with DNA. Indeed, it was observed that if 3H-labeled KB cell RNA was mixed with DNA at 0 C and not treated with ribonuclease, large amounts of the RNA (>20%) were occasionally retained by the filter. This phenomenon occurred in a sporadic and unpredictable manner. Fortunately, this fraction of RNA was completely sensitive to ribonuclease, and could easily be distinguished from hybridized RNA which was relatively insensitive to the enzyme and was only formed after long incubations with homologous DNA at an elevated temperature.
Kinetics of hybrid formation. To determine the optimal time required for hybrid formation, the kinetics of the process at 60 C were investigated. The rate of hybrid formation between KB cell RNA and 3H-RNA was quite different than that observed between adenovirus DNA and 3H-RNA (Fig. 2) (2) . In Fig. 3 , the relationship between the concentration of 3H-RNA in the incubation mixture and the amount of 3H-RNA hybridized is shown for both the KB cell and adenovirus hybridization systems. Both curves were initially linear and then deviated from a straight line at RNA concentrations above 10 ,ug/ml. These results indicated that at low RNA concentrations the amount of D-RNA hybridized was directly proportional to the concentration of D-RNA in the incubation mixture. For practical reasons, it was necessary in most experiments to use concentrations of RNA which were greater than 10 lg/ml. In no case, however, did the RNA concentration exceed 30 Ag/ml for KB cell or 20 ,ug/ ml for adenovirus DNA-RNA hybridizations. At these concentrations, it was believed that the relationship between the 3H-RNA concentration and the amount of hybridized 3H-RNA was sufficiently close to linearity to detect significant changes in D-RNA concentration.
Specificity of hybridization. To insure that the ribonuclease-resistant 3H-RNA retained by the filter was hydrogen bonded to DNA by a process which possessed specificity, various combinations of DNA and RNA were tested. 3H-RNA extracted from KB cells hybridized to a significant extent only with DNA from KB cells ( 5 adenovirus. At various times after infection, samples were removed and incubated for 1 hr with either 3H-uridine or '4C-valine. The isotopes incorporated into host proteins and host D-RNA were determined. The results of a representative experiment (Fig. 4) indicate that inhibition of host D-RNA synthesis begins soon after but not before inhibition of host protein synthesis. Therefore, to the extent that the synthesis of D-RNA reflects the synthesis of mRNA, these results suggest that inhibition of transcription occurs too late to account for the switch-off of host protein synthesis in adenovirus-infected cells.
Relationship between DNA synthesis and adenovirus D-RNA synthesis. It was previously shown that inhibition of host protein synthesis required the replication of adenovirus DNA (3). This finding suggested that some process dependent upon synthesis of viral DNA was responsible for the switch-off of host protein synthesis in infected cells. The synthesis of the viral structural proteins, hexon, penton, and fiber, is known to satisfy this requirement (7). The following experiment was designed to determine whether synthesis of viral D-RNA also required the replication of viral DNA.
Two cultures of KB cells were infected with adenovirus. To one culture was added 2 x 10-M 5-fluorodeoxyuridine (FUdR), a concentration which effectively blocked DNA synthesis. At Comparison of rates of host protein and D-RNA synthesis after infection wiih type 5 adenovirus. A 1,000-ml suspension culture of KB cells was infected with type S adenovirus at an input multiplicity of200. At various times after infection, S0-ml samples were removed anid pulsed with 15 pc of 14C-valine for 2 hr, anid 100-ml samples were removed and pulsed with 300 p.c of 3H-uridine (0.6 p.c/ug) for I hr. The amount of 14C-valine incorporated into host protein was determined and was used as a measure of the rate of host protein synthesis. The amount of 3H-uridine incorporated into host D-RNA was determinied and was used as a measure of the rate of host D-RNA synthesis. The values are plotted at the midpoint ofthe pulse period. various times, samples were removed and incubated for 1 hr with 3H-uridine, and the fraction of radioactivity incorporated into adenovirus D-RNA was determined. The results (Table 2) indicate that adenovirus D-RNA was not synthesized at levels detected by the assay employed until 10 hr after infection. The synthesis of adenovirus DNA begins about 8 hr after infection (8) , suggesting that it precedes the synthesis of the species of adenovirus D-RNA measured in this experiment. In agreement with this view, inhibition of DNA synthesis prevented the formation of measurable amounts of adenovirus D-RNA (Table 2) . Thus, the synthesis of adenovirus D-RNA, like the synthesis of the inhibitor of host protein synthesis, required the replication of viral DNA. In its requirement for viral DNA replication, the synthesis of type 5 adenovirus D-RNA appears analogous to synthesis of the "late" D-RNA found in other viral systems (5, 10, 21, 27) . The adenovirus system appears unique in that "early" D-RNA is apparently synthesized at such a low level that it is difficult to detect under conditions in which late D-RNA is easily measured. That an early viral D-RNA is produced in type 5 adenovirus-infected cells is indicated by the recent report that an early protein is synthesized after infection (24) . (Fig. 4) The apparent higher rate of adenovirus D-RNA synthesis at those times when inhibition of host protein synthesis is evident is consistent with this possibility. The most likely candidate for the putative rate-limiting component would be the ribosome since in bacteria it is known that the growth rate is related to ribosome concentration (6) . Alternatively, viral D-RNA could act indirectly by eliciting the production of an inhibitory protein. In this case, the selective inhibition of host protein synthesis could be explained by a model analogous to that postulated by Marcus and Salb (17) to explain the action of interferon.
These investigators have proposed that interferon elicits the production of a protein which specifically inhibits the translation of viral mRNA (17) . If this model is correct, it would not seem unreasonable that adenovirus infection could, in turn, elicit the production of a protein which specifically inhibits the translation of host mRNA. Indeed, one of the adenovirus late proteins, the fiber, has been shown to inhibit protein synthesis when added in high concentration to cultures of KB cells (16 
